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Abstract

Angiogenesis is an essential process involved in the development and progression of prostate cancer. Vascular endothelial growth factor

(VEGF) is hypothesized to be a critical regulator of angiogenesis during prostate carcinogenesis. We have reported that dietary soy products

inhibit prostate tumor progression in animal models, in association with a reduction in tumor microvessel density. The goal of the present

study is to investigate potential antiangiogenic mechanisms of genistein, the major soy isoflavone, using in vitro systems. Genistein (5–

50 AM) significantly inhibited the growth of human umbilical vein endothelial cells (HUVECs) in control media when stimulated by

supplemental VEGF or when cultured in hypoxia-exposed PC-3 prostate adenocarcinoma cell conditioned media. These in vitro studies

suggest detectable inhibitory effects by 5–10 AM genistein (Pb.05) with an IC50 of approximately 20 AM or less. Genistein (10–50 AM)

caused significant inhibition of basal VEGF expression and hypoxia-stimulated VEGF expression in both human prostate cancer PC-3 cells

and HUVECs based on semiquantitative reverse transcription–polymerase chain reaction (Pb.05). In parallel, VEGF secretion by PC-3 cells

quantitated by enzyme-linked immunosorbent assay was significantly (Pb.05) reduced by genistein (10–50 AM). Furthermore, genistein

(10–50 AM) significantly (Pb.05) reduced PC-3 nuclear accumulation of hypoxia-inducible factor-1a, the principle transcription factor that

regulates VEGF expression in response to hypoxia. Expression of the VEGF receptor fms-like tyrosine kinase-1, but not kinase insert

domain-containing kinase, in HUVECs was also reduced (Pb.05) by genistein (10–50 AM). These observations support the hypothesis that

genistein may inhibit prostate tumor angiogenesis through the suppression of VEGF-mediated autocrine and paracrine signaling pathways

between tumor cells and vascular endothelial cells.
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1. Introduction

Tumor angiogenesis is a complex biological process

involving a dynamic interaction between cancer cells and

those of the host microenvironment and is considered

essential for tumor development and progression [1,2]. An

array of hormones, growth factors and cytokines orches-

trates tumor-associated angiogenesis by shifting the homeo-

static balance in the microenvironment towards vessel

formation [3,4]. Vascular endothelial growth factor (VEGF),

originally described as a vascular permeability factor, has

been implicated as one of the most important proangiogenic

growth factors during carcinogenesis [5]. VEGF stimulates

endothelial cell proliferation and differentiation, leading to

primitive vessel formation [6,7]. VEGF is known to elicit its

biological roles through interaction with two classes of

VEGF receptors, fms-like tyrosine kinase-1 (FLT-1) and

kinase insert domain-containing region (KDR), which are

found in vascular endothelial cells and propagate signals

through receptor-associated protein tyrosine kinases [8,9].

The transcription factor hypoxia-inducible factor-1a (HIF-

1a) is one of the most important regulators of VEGF gene

expression in response to hypoxia in tumor cells [7,10].

Reduced oxygen tension is characteristic of the tumor

microenvironment due to imbalance between accumulating

tumor cells and lagging angiogenic responses. This imbal-

ance contributes to sluggish blood flow caused by an

irregular and poorly formed vasculature [11]. HIF-1a

protein is constitutively synthesized and continuously

degraded under normoxic conditions. However, the cellular

content of HIF-1a is dramatically increased by hypoxia

through a combination of increased synthesis and decreased

degradation, thereby contributing to increased VEGF

expression [9,12,13]. In addition to the paracrine stimulation

of endothelial cells by VEGF secreted from tumor cells,

vascular cells may also produce VEGF and thus stimulate

angiogenesis through an autocrine fashion [14].

Accumulated evidence suggests that VEGF-stimulated

angiogenesis is a component of human and experimental

prostate carcinogenesis. Increased vascular density has been

documented in prostatic intraepithelial neoplasia (PIN)

relative to benign epithelium and is greater in locally

advanced cancers or metastasis compared with organ-

confined tumors [15]. Similarly, vascular density is increased

during rodent prostate carcinogenesis and is associated with

areas within tumors that show increased proliferation [16].

Several studies suggest that VEGF expression is enhanced in

tumor cells, vascular endothelial cells and stromal cells

within a developing prostate cancer, whereas normal prostate

tissues show lower expression [17]. HIF-1a immunohisto-

chemical (IHC) staining is significantly increased in high-

grade PIN lesions compared with normal epithelium, stromal

cells and benign prostatic hyperplasia tissues, which is

further enhanced in prostate cancer lesions [18]. In addition,

increased plasma VEGF concentrations are found in prostate

cancer patients compared with healthy controls [19]. Plasma
VEGF levels are increased with the progression of prostate

cancer to locally advanced and metastatic disease and with

the development of androgen independence [19,20]. Conse-

quently, anti-VEGF therapy is now being evaluated in

prostate cancer clinical trials [21].

Our laboratory is evaluating angiogenesis as a target for

dietary or chemopreventive interventions that may inhibit

prostate carcinogenesis. For example, we have observed that

dietary restriction reduces prostate tumor growth in associ-

ation with reduced vascular density and lower VEGF

expression in the tumor microenvironment [22]. We have

also shown that diets containing soy protein or a phyto-

chemical-rich extract also inhibited prostate tumor growth in

murine transplantable models, in parallel with reduced

intratumor vascularity [23].

In the present in vitro study, we examine the ability of

genistein to act upon specific aspects of VEGF-mediated

autocrine and paracrine interactions between prostate tumor

cells and vascular endothelial cells. We observed that

genistein inhibited endothelial cell proliferation and tube

formation in an angiogenic assay, reduced hypoxia-induced

VEGF expression in both prostate cancer and endothelial

cells, reduced VEGF receptor expression in endothelial cells

and decreased HIF-1a expression in prostate cancer cells in

response to hypoxia. These studies establish mechanisms

whereby soy isoflavones may impact interactions between

tumor cells and the host microenvironment, which can be

evaluated in future rodent or human translational studies.
2. Materials and methods

2.1. Cell culture

Androgen-insensitive PC-3 human prostate cancer cells

were obtained from the American Type Culture Collection

(Rockville, MD) and maintained as monolayer cultures in

RPMI 1640 medium (Life Technologies, Gaithersburg, MD)

supplemented with 10% fetal bovine serum (FBS), 2 mM

l-glutamine, 20,000 IU/L penicillin and 20 mg/L strepto-

mycin. Human umbilical vein endothelial cells (HUVECs)

were obtained from Clonetics (San Diego, CA) and

maintained as monolayer cultures in an endothelial cell

growth medium (EGM-2; Clonetics) supplemented with

hydrocortisone, human epidermal growth factor, VEGF,

insulin-like growth factor-1, fibroblast growth factor,

heparin, ascorbic acid, gentamicin and 1% FBS. Cell

cultures were maintained at 378C in a humidified atmo-

sphere of 5% CO2. For hypoxia treatments, cells were

incubated in a sterile chamber flushed with 1% O2, 5% CO2

and 94% N2 or incubated with 100 AM CoCl2.

2.2. Cell growth assay

HUVECs (4�103 per well) were seeded in 96-well tissue

culture plates and incubated overnight. Cells were then

treated with vehicle or genistein (Sigma, St. Louis, MO) in

the presence or absence of 10 ng/ml VEGF (R&D Systems,



Fig. 1. (A) Genistein inhibited HUVEC growth with or without VEGF

stimulation. HUVECs were treated with increasing concentrations of

genistein in the presence or absence of VEGF (10 ng/ml) for 72 h. The

cell viability of HUVECs was evaluated by MTS assay (n =9) and

subsequently confirmed by direct cell counting (data not shown). VEGF

significantly stimulated HUVEC growth, while genistein inhibited cell

growth with or without additional VEGF stimulation. (B) Genistein

inhibited the proliferation of HUVECs incubated with conditioned media

from PC-3 cells grown under normoxic or hypoxic conditions for 24 h.

HUVECs were seeded in 96-well plates and treated with conditioned media

in the presence or absence of genistein for 48 h. HUVEC viability was

evaluated by MTS assay (n =9) and subsequently confirmed by direct cell

counting (data not shown). HUVEC growth in conditioned media from PC-

3 cells grown under control conditions is considered 100%. Genistein

elicited the growth inhibition of HUVECs incubated with conditioned

media. Data are presented as meanFS.D. Means with different letters

indicate a statistically significant difference ( P b.05, by ANOVA and

pairwise comparison).
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Minneapolis, MN) for 72 h, 24-h normoxia-exposed PC-3

conditioned media or 24-h hypoxia-exposed PC-3 condi-

tioned media for 48 h. Cell proliferation was determined by

MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-

phenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay (CellTiter

96 AQueous One, Promega, Madison, WI). In brief, the MTS

assay is an indirect measurement of viable cells based on the

ability of dehydrogenase enzymes in metabolically active

cells to cleave the tetrazolium salt MTS and to yield a highly

colored water-soluble formazan product. The addition of the

electron-coupling agent phenazine ethosulfate potentiates

colorimetric reaction. All assays were completed in tripli-

cate, and results were confirmed by direct cell counting with

a hemocytometer.

2.3. In vitro tube formation assay

An in vitro tube formation assay with HUVECs was

performed with the In Vitro Angiogenesis Assay Kit

(Chemicon International, Temecula, CA). Briefly, 50 Al of
cold ECMatrix solution was added to assigned wells of

96-well tissue culture plates and then incubated for 1 h at

378C to solidify. Cells (5�103) were then seeded onto the

ECMatrix surface and treated with vehicle or genistein in the

presence or absence of conditioned media from PC-3 cells

with 24-h exposure to hypoxia. After overnight incubation at

378C, tube formation was visualized by an Olympus IMT2

light microscope (�10), and images were captured with an

Olympus SC35 camera (Olympus America, Inc., Melville,

NY). Tube formation was quantitated by counting the

number of branching points on each image [24].

2.4. Semiquantitative reverse transcription–polymerase

chain reaction (RT-PCR) analysis

RNA was extracted with the Absolutely RNA isolation

kit (Stratagene, La Jolla, CA). RT-PCR was performed with

1 Ag of total cellular RNA and the RiboClone cDNA

Synthesis Kit (Promega). The following primers were used:

(a) human VEGF primers: sense (5V-CGA AGT GGT GAA

GTT CAT GGA TG-3V) and antisense (5V-TTC TGT ATC

AGT CTT TCC TGG TGAG-3V); (b) human FLT-1 primers:

sense (5V-CACAGTCCGGCACGTAGGTGATT-3V) and an-

tisense (5V-GTCACAGAAGAGGATGAAGGTGTCTA-3V);
(c) human KDR primers: sense (5V-CTGGCATGGTCT-
TCTGTGAAGCA-3V) and antisense (5V-AATACCAGTG-
GATGTGATGCGG-3V); (d) human HIF-1a primers: sense

(5V-CTC AAA GTCGGACAGCCT CA-3V) and antisense

(5V-CCC TGC AGTAGG TTT CTG CT-3V); and (e) human

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) pri-

mers (Clontech, Palo Alto, CA): sense (5V-TGA AGG TCG

GAG TCA ACG GAT TTG GT-3V) and antisense (5V-CAT
GTG GGC CAT GAG GTC CAC CAC-3V). The conditions
employed for RT-PCR were as follows: 958C for 45 s, 608C
for 2 min and 728C for 2 min (25–28 cycles), and final

extension at 728C for 7 min using a DNA thermal cycler

(MJ Research, Inc., Alameda, CA). Amplified RT-PCR

products were analyzed by electrophoresis (1% agarose gel),
visualized by ethidium bromide staining and photographed

under UV illumination. RT-PCR results were photographed

and evaluated by densitometry (Alpha Innotech Corpora-

tion, San Leandro, CA). Relative gene expression levels

were expressed as the percentage of the corresponding

GAPDH control.

2.5. Western blot analysis

PC-3 cells were treated with 0, 10 and 50 AM genistein

for 24 h then further incubated under normoxic conditions,

under hypoxic conditions or with CoCl2 (100 AM) for 24 h.

Cells were harvested and nuclear protein was extracted with

NE-PER Nuclear Extraction Reagents following the man-

ufacturer’s protocol (Pierce Biotechnology, Rockford, IL).

Total protein concentration was determined with the DC
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Protein Assay (Bio-Rad, Hercules, CA). An equal amount

of protein was loaded into each well, separated by 12%

sodium dodecyl sulfate–polyacrylamide gel electrophoresis

and transferred to polyvinylidene difluoride membranes

(Bio-Rad). Membranes were incubated with monoclonal

mouse anti-human HIF-1a (Novus Biologicals, Inc., Lit-

tleton, CO) at 1 Ag/ml or with polyclonal rabbit antihuman

actin (Sigma) at a 1:1000 dilution for 1 h at room

temperature. The membranes were subsequently incubated

with appropriate HRP-linked secondary antibodies for

30 min, and immunoreactive proteins were detected by

enhanced chemiluminescence (Santa Cruz Biotech., Santa

Cruz, CA) and exposure to film. Films were scanned and
Fig. 2. Genistein reduced in vitro HUVEC tube formation in control media or in m

matrix-bottomed plates, and tube formation was evaluated by an in vitro ang

Representative images showing tube formation under designated treatments. (B) A

Error bars indicate S.D. Means with different letters indicate a statistically signif
bands were quantified by densitometry (AlphaImager 2000;

Alpha Innotech Corporation). Relative expression levels

were expressed as the percentage of actin levels.

2.6. VEGF enzyme-linked immunosorbent assay (ELISA)

PC-3 cells (2�105) were seeded with complete media in

six-well tissue culture plates and incubated overnight. Cells

were further incubated with a designated medium for an

additional 48 h. Culture medium was collected, and VEGF

concentrations were measured with the human VEGF

Quantikine ELISA (R&D Systems), according to the

manufacturer’s protocols. VEGF concentrations were ad-

justed to cell number.
edia from hypoxic prostate cancer cells. HUVECs were seeded in 96-well

iogenesis assay, as described as in Materials and Methods (n =3). (A)

nalysis of tube formation is based upon the quantitation of branching points.

icant difference ( P b.05, by ANOVA and pairwise comparison).
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2.7. IHC staining

Cells were pretreated with vehicle or genistein for 72 h in

normoxic conditions and then further incubated in a hypoxic

(1% O2) atmosphere for 24 h. Adherent and nonadherent

cells were harvested and subsequently incorporated into a

clot with thrombin and plasma, fixed in 10% neutral-

buffered formalin, processed and embedded in paraffin.

Sections were cut, mounted on slides and stained with an

avidin–biotin–horseradish peroxidase (HRP) complex kit

(Santa Cruz Biotech.). Briefly, nonspecific binding was

blocked with 10% goat blocking serum then incubated

overnight at 48C with monoclonal mouse antihuman HIF-1a

antibody at a 1:200 dilution (Novus Biologicals, Inc.). After

washing with phosphate-buffered saline, slides were incu-

bated with a biotinylated antimouse secondary antibody for

30 min and then treated with the avidin–HRP complex for

another 30 min at room temperature, followed by color

detection with diaminobenzidine and counterstaining with

hematoxylin. Three representative areas were selected from

each slide, and both HIF-1a-positive cells and total tumor

cells were counted at a 400-fold magnification. HIF-1a

staining is expressed as the percentage of positive stained

cells relative to the number of total cells.

2.8. Statistical analysis

Data are presented as mean and S.D. The data were

initially evaluated by analysis of variance (ANOVA; square

root transformation was conducted as necessary) followed

by Fisher’s protected least significant difference test to

evaluate pairwise comparisons among all treatment groups

using Statview 4.5 software (Abacus Concepts, Berkeley,

CA). The number of samples or replicates for each study is

detailed in figure legends and in the Results section. Pb.05

is considered significant.
Fig. 3. Genistein modulated the expression of VEGF and VEGF receptor

(KDR and FLT-1) mRNA in HUVECs under normoxic and hypoxic

conditions. HUVECs were treated with designated concentrations of

genistein for 72 h, and total RNA was isolated and analyzed by RT-PCR

(n =3). The figure is a representative gel. (A) Genistein caused inhibition of

VEGF mRNA expression but not of FLT-1 and KDR mRNA expression in

HUVECs under normoxic conditions. (B) The mRNA expression of both

VEGF and FLT-1 in HUVECs was enhanced by hypoxic exposure, which

was dose-dependently inhibited by genistein. No significant change in

mRNA was observed for the KDR gene (by ANOVA and pairwise

comparison).
3. Results

3.1. Genistein inhibits the growth of HUVECs with or

without VEGF stimulation

We first measured the ability of genistein to directly

modulate the in vitro growth of endothelial cells incubated

in the presence or absence of VEGF. MTS assay data

showed that genistein treatment at 10, 20 and 50 AM
inhibited the growth of HUVECs by 25% (Pb.01), 55%

(Pb.0001) and 69% (Pb.0001), respectively (Fig. 1A).

HUVEC growth, with the addition of 10 ng/ml supplemen-

tal VEGF, significantly increased to 138F8% (Pb.01)

compared to vehicle controls (Fig. 1A). The treatment of

VEGF-supplemented HUVECs with genistein similarly

produced growth inhibition. Genistein treatment at 5, 10,

20 and 50 AM inhibited VEGF-stimulated HUVEC growth

by 17% (Pb.05), 22% (Pb.01), 51% (Pb.001) and 71%

(Pb.0001), respectively (Fig. 1A). Thus, genistein demon-

strated inhibition of HUVEC growth with an estimated IC50
below 20 AM. These findings were confirmed by studies

with direct cell counting (data not shown).

3.2. Genistein inhibits the proliferation of HUVECs in

response to paracrine stimulation by prostate cancer cells

To examine whether prostate cancer cells may poten-

tially induce paracrine stimulation of endothelial cell

growth, we incubated HUVECs with conditioned media

derived from PC-3 cells incubated for 24 h under

conditions of normoxia (pO2 = 20%) or hypoxia

(pO2=1%). As shown in Fig. 1B, media from hypoxic

PC-3 cells stimulated the proliferation of HUVECs by an

additional 28% (Pb.01) compared to media derived from

PC-3 cells grown under normoxic conditions. Treatment

with genistein produced significant inhibition of HUVEC

growth. For HUVECs treated with conditioned media

from hypoxic PC-3 cells, genistein at 10, 20, 50 and

100 AM significantly inhibited growth by 34% (Pb.001),

54% (Pb.0001), 70% (Pb.0001) and 72% (Pb.0001),
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respectively. These findings were confirmed by studies with

direct cell counting (data not shown).

The ability of HUVECs to form tubular structures in

matrix-coated 96-well plates provides an in vitro system that

quantitates the effects of proangiogenic and antiangiogenic

factors. We observed that HUVECs formed tubular struc-

tures when incubated with either control media or media

derived from PC-3 cells grown under hypoxic conditions.

Tubular formation was inhibited when the cells were
incubated with genistein; representative images are shown

in Fig. 2A. We quantified HUVEC differentiation and tube

formation by counting the number of branching points [24].

Under the conditions of our study, exposure to hypoxic

conditioned media from PC-3 cells did not significantly alter

the number of branching points (67F11) compared to

controls (71F11) (PN.05). However, the addition of 10 AM
genistein to control media significantly reduced the number

of branching points to 31F23 (Pb.0001, compared to

vehicle), and higher concentrations (20 or 50 AM) provided

no additional reduction in the number of branching points.

When grown in conditioned media from hypoxic PC-3 cells,

genistein at 10, 20 and 50 AM reduced the number of

branching points from 67F11 to 51F16 (Pb.01), 39F14

(Pb.0001) and 21F8 (Pb.0001), respectively (Fig. 2B).

3.3. Genistein modulates the mRNA expression of VEGF

and VEGF receptors (FLT-1 and KDR) in HUVECs under

normoxic and hypoxic conditions

To investigate whether genistein modulated VEGF-

mediated autocrine effects on endothelial cells, we exam-

ined VEGF, FLT-1 and KDR mRNA expression in

HUVECs treated with genistein. The VEGF165 isoform,

which encodes a biologically active and secreted protein,

was used to represent VEGF mRNA expression in response

to genistein treatment. Genistein significantly decreased

baseline VEGF165 mRNA expression but caused no

significant changes in FLT-1 and KDR mRNA expression

under normoxic conditions. A representative blot is shown

in Fig. 3A. Densitometric analysis (n=3) showed that

genistein at 10 and 50 AM inhibited VEGF165 expression

by 28% (Pb.01) and 41% (Pb.001), respectively, com-

pared to vehicle-treated cells.

VEGF165, FLT-1 and KDR mRNA expression in

HUVECs was further examined by exposing HUVECs to

genistein under hypoxic conditions (1% O2). Hypoxia up-

regulated VEGF and FLT-1 mRNA expression, whereas

genistein (10 and 50 AM) suppressed the induction of
ig. 4. Genistein modulated VEGF and HIF-1a expression in PC-3 cells

nder normoxic and hypoxic conditions. (A) Genistein reduced the mRNA

xpression of VEGF, but not of HIF-1a, in PC-3 cells under normoxic

onditions. PC-3 cells were treated with genistein at designated concen-

ations for 72 h. Total RNA was extracted and mRNA expression was

uantified after RT-PCR (n =3). (B) Genistein reduced the mRNA

xpression of VEGF, but not of HIF-1a, in PC-3 cells under hypoxic

onditions. PC-3 cells were exposed to 1% O2 for 24 h with or without

enistein at 10 and 50 AM. Total RNAwas isolated and mRNA expression

as analyzed after RT-PCR (n =3). Hypoxia exposure induced VEGF

RNA expression in PC-3 cells. (C) Genistein inhibited the CoCl2-induced

xpression of VEGF mRNA in PC-3 cells. PC-3 cells were exposed to

oCl2 (100 AM) for 24 h with or without genistein at 10 and 50 AM. Total

NA was isolated and mRNA expression was analyzed after RT-PCR

=3). (D) Genistein inhibited VEGF secretion (ELISA) in PC-3 cells

cubated with or without CoCl2 (n =4). Cells were exposed to 10 or 50 AM
enistein with or without CoCl2 (100 AM) for 48 h. Data are presented as

eanFS.D. Means with different letters indicate a statistically significant

ifference ( P b.05, by ANOVA and pairwise comparison).
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Fig. 6. IHC staining showed the inhibition of hypoxia-induced HIF-1a

protein expression in PC-3 cells by genistein at 10 and 50 AM. Cells were

exposed to 1% O2 for 24 h with or without 10 and 50 AM genistein 24 h

pretreatment. HIF-1a expression was examined by IHC staining (n =3).

Hypoxia exposure caused an increase in the nuclear staining of HIF-1a.

Fig. 5. (A) Genistein inhibited hypoxia-induced HIF-1a protein expression

in PC-3 cells. Cells were exposed to 1% O2 for 24 h with or without

24-h genistein pretreatment (10 and 50 AM). Nuclear extracts were prepared

for Western blot analysis (n =3). Hypoxia exposure stabilized HIF-1a

protein in PC-3 cells, and genistein inhibited HIF-1a induction in response

to hypoxia. (B) Genistein inhibited CoCl2 (100 AM)-induced HIF-1a

protein expression in PC-3 cells. Cells were first exposed to vehicle or

designated genistein for 24 h and then were further incubated with CoCl2
(100 AM) for another 24 h. Nuclear extracts were prepared for Western

blot analysis (n =3). CoCl2 (100 AM) exposure increased HIF-1a protein in

PC-3 cells, which was inhibited by genistein treatment.
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VEGF165 and FLT-1 mRNA expression (Fig. 3B). Densi-

tometric analysis (n=3) showed that 24-h exposure to 1%

O2 induced a 2.4-fold (Pb.001) and a 2.3-fold (Pb.001)

increase in VEGF and FLT-1 mRNA expression in

HUVECs, respectively. Genistein at 10 and 50 AM also

inhibited hypoxia-induced VEGF165 mRNA expression by

21% (Pb.01) and 28% (Pb.01), respectively. Treatment

with genistein at 10 and 50 AM showed inhibition of FLT-1

mRNA expression by 51% (Pb.001) and 70% (Pb.001),

respectively. A slight decrease without statistically signifi-

cant changes in KDR mRNA expression was observed in

HUVECs under hypoxic conditions with or without

exposure to genistein.

3.4. Genistein modulates VEGF expression in PC-3 cells

under normoxic and hypoxic conditions

To determine whether genistein and hypoxia interact to

modulate VEGF expression, we examined VEGF165

mRNA and protein expression in PC-3 cells under normoxic

and hypoxic conditions. As shown in Fig. 4A, genistein

down-regulated VEGF165 mRNA expression in PC-3 cells

under normoxic conditions. Densitometric analyses (n=3)

of RT-PCR results showed that, compared to vehicle-treated

PC-3 cells (density=1.00), the densities of VEGF165

mRNA from genistein-treated cells are 0.74 at 10 AM
(Pb.01), 0.65 at 20 AM (Pb.01) and 0.54 at 50 AM
(Pb.001). Genistein modulation of PC-3 VEGF gene

expression was further studied under hypoxic conditions.

Fig. 4B demonstrates that exposure to 1% O2 significantly

up-regulated VEGF mRNA expression and that genistein

countered this effect. Further densitometric analysis showed

that, compared to control (density=1.00), 1% O2 incubation
for 24 h induced a 4.6-fold increase (Pb.0001) in VEGF165

mRNA expression, and 10 and 50 AM genistein inhibited

hypoxia-induced VEGF165 mRNA expression by 27%

(P b.01) and 51% (P b.001), respectively. CoCl2, an

established hypoxia mimetic agent, showed similar results,

as seen with chamber-induced hypoxia with regard to VEGF

expression (Fig. 4C). Densitometric analysis showed that,

compared to controls (density=1.00), CoCl2 (100 AM)

incubation for 24 h induced a 2.3-fold increase (Pb.001) in

PC-3 VEGF165 mRNA expression, and 10 and 50 AM
genistein inhibited CoCl2-induced VEGF165 mRNA ex-

pression by 44% (Pb.001) and 61% (Pb.0001), respec-

tively. We subsequently examined VEGF secretion by PC-3

cells under similar conditions. PC-3 cells showed a basal

secretion of VEGF protein at 1548F224 pg/106 cells after

incubation in normoxic conditions for 48 h (Fig. 4D).

Genistein at 10 and 50 AM inhibited PC-3 VEGF secretion

under normoxic conditions by 17% (Pb.05) and 49%

(Pb.001), respectively. Exposure of PC-3 cells to the

hypoxic mimetic agent CoCl2 (100 AM) induced a

significant increase in VEGF protein secretion by 80%

(Pb.001, compared to vehicle control). Genistein at 10 AM
reduced CoCl2-induced VEGF secretion by 44% (Pb.001)

compared to cells without genistein treatment. Exposure to

50 AM genistein in CoCl2 incubation conditions further

decreased VEGF protein secretion by 56% (P b.001,

compared to vehicle).
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3.5. Genistein modulates HIF-1a expression in PC-3 cells

under normoxic and hypoxic conditions

To gain insight into the molecular mechanisms by which

genistein inhibits hypoxia-induced VEGF expression, the

expression of HIF-1a mRNA and protein was further

investigated in genistein-treated PC-3 cells under normoxic

and hypoxic conditions. Genistein did not alter the mRNA

expression of HIF-1a in PC-3 cells under normoxic

conditions (Fig. 4A). Hypoxia exposure did not cause a

significant change in HIF-1a mRNA expression, and

treatment with genistein (10 and 50 AM) had no effect on

HIF-1a mRNA expression in PC-3 cells (Fig. 4B).

However, Western blot analysis showed no detectable

nuclear HIF-1a protein in normoxic PC-3 cells. Hypoxia-

exposed PC-3 cells showed a dramatic increase in HIF-1a

protein expression (Fig. 5A). Densitometric analysis showed

that, compared to vehicle, genistein treatment caused a dose-

dependent reduction in hypoxia-induced nuclear HIF-1a

content at 10 AM by 36% (Pb.01) and at 50 AM by 54%

(Pb.001) (Fig. 5A). CoCl2 showed results similar to those

of gas-chamber-induced hypoxia in the induction of HIF-1a

protein expression. PC-3 cells incubated with CoCl2 at

100 AM showed a dramatic increase in HIF-1a protein

expression (Fig. 5A). Densitometric analysis showed that,

compared to vehicle, genistein treatment caused a dose-

dependent reduction in CoCl2-induced nuclear HIF-1a

expression at 10 AM by 47% (Pb.01) and at 50 AM by

74% (Pb.001) (Fig. 5A). Consistent with Western blot

analysis results, IHC staining showed a significant increase

in the nuclear staining of HIF-1a in PC-3 cells exposed to

hypoxia (87%) compared to vehicle (Pb.0001) (Fig. 6).

Treatment with genistein showed a decrease in nuclear

staining for HIF-1a in PC-3 cells exposed to hypoxia. In

cells treated with 10 and 50 AM genistein, only 56% and

25% of cells showed positive nuclear staining for HIF-1a,

respectively (both Pb.01, compared to hypoxia controls).

These results are consistent with posttranscriptional regula-

tion of HIF-1a by both hypoxia and genistein.
4. Discussion

Angiogenesis is hypothesized to be indispensable for the

development and progression of prostate cancer. Tumor

angiogenesis is dependent upon complex autocrine and

paracrine interactions between malignant tumor cells and

components of the tumor microenvironment that include

matrix and vascular cells, as well as modulators derived

from the circulation [1,7]. VEGF has emerged as one of the

critical proangiogenic growth factors associated with pros-

tate carcinogenesis [15–20]. Inhibitors of specific steps in

the angiogenesis cascade, including VEGF production and

signaling, are now showing success in clinical trials as

therapeutic agents for malignancies, including prostate

cancer [25,26] We propose that tumor angiogenesis may

also serve as a target for dietary interventions or chemo-
preventive agents for high-risk populations to significantly

delay the development of prostate cancer or to even prevent

clinically significant diseases.

In support of this concept, soy products have been shown

to reduce prostate tumor growth in rodent models [23,27].

We demonstrated that feeding isoflavone-rich soy protein or

soy phytochemical concentrate significantly reduced micro-

vessel density in murine transplanted prostate tumors [23].

We observed that microvessel density was reduced by 30–

40% in mice fed soy components, with a 50–100% increase

in apoptosis and a modest reduction in proliferation of about

10–15% [23]. Interestingly, a similar pattern of biomarker

changes is observed when antiangiogenic agents are

administered in murine models of cancer, suggesting that

soy components may share some biological activity with

antiangiogenic agents. These findings regarding prostate

cancer are mutually supportive of several key published

reports from studies of cancers derived from other tissues.

Daily genistein (0.5 mg/kg) injections reduced microvessel

density in murine xenografted human HSC-3 oral squamous

cell carcinoma [28]. Genistein administered by injection has

been shown to reduce the tumor blood supply of mice

transplanted with Lewis lung cancer cells and B16

melanoma cells [29].

Current studies using in vitro systems provide insight

into biologically plausible mechanisms that could underlie

the above documented in vivo observations. We observed

that soy isoflavones cause inhibition of (a) VEGF-mediated

endothelial cell proliferation and tube formation; (b)

hypoxia-induced VEGF expression in both prostate cancer

cells and endothelial cells; (c) VEGF receptor expression by

endothelial cells; and (d) HIF-1a expression by prostate

cancer cells in response to hypoxia. Taken together, these

observations suggest that soy isoflavones may act at several

autocrine and paracrine steps in VEGF-mediated prostate

tumor angiogenesis. The production of VEGF in response to

hypoxia is blunted, in part, due to a reduction in HIF-1a.

Subsequent VEGF bioactivity in vascular endothelial cells

(proliferation and differentiation) is suppressed by isofla-

vones, probably through both inhibition of VEGF receptor

expression and blocking of receptor-mediated tyrosine

kinase activity, as well as downstream signaling pathways

[30]. Our findings with prostate cancer cells are supported

by others who have shown that genistein inhibits hypoxia-

induced VEGF mRNA expression in kidney 293 cells, U87

glioma cells, HT1080 human fibrosarcoma cells [31], skin

keratinocytes [32], bladder cancer cells [33] and renal cell

carcinoma cells [34]. A recent rodent study showed that

genistein (0.5 mg/kg) injections reduced VEGF mRNA

expression in transplanted oral squamous cell carcinoma in

mice [28]. Fotsis et al. [35] demonstrated that urine fractions

from humans consuming a soy-rich plant-based diet con-

tains genistein and other isoflavonoids that inhibit bovine-

brain-derived capillary endothelial cell proliferation in vitro.

Although in vitro data support in vivo rodent findings,

questions on dose–response relationships and the concen-
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tration of isoflavones necessary to achieve specific out-

comes remain areas of frequent debate. For example, our in

vitro studies suggest that the disruption of VEGF autocrine

and paracrine signaling can be observed in the range of 10–

25 AM genistein. It is well known that blood concentrations

of soy isoflavones, over the range of typical human and

rodent consumption, are typically b10 AM and are quickly

cleared from circulation. Reconciliation of this apparent

inconsistency will require additional research, but if we

consider the striking differences between the optimized

microenvironment of cells in culture and those within a

growing tumor, some hypotheses emerge. The intratumor

environment is characterized by hypoxia, relatively high

interstitial pressure, poor perfusion and diffusion, leading to

a lack of critical nutrients and the accumulation of metabolic

waste. It is likely that the harsh in vivo environment places

tumor cells at a lower threshold for the activation of

apoptotic cascades, just like serum starvation is often used

to enhance in vitro sensitivity to phytochemicals, essentially

lowering the minimally effective concentration.

We focused our efforts on VEGF, while it remains to be

seen how other key processes in the prostate tumor

microenvironment may also be influenced by soy isofla-

vones to alter the finely orchestrated balance between

multiple proangiogenic and antiangiogenic regulators. A

recent publication [33] from the bladder cancer literature

provides insight into the ability of soy isoflavones to inhibit

the expression of proangiogenesis activators, including

urokinase plasminogen activator and matrix metalloprotease

enzymes, by transitional cell carcinoma cells while stimu-

lating the expression of antiangiogenic genes such as

thrombospondin-1, endostatin and angiostatin.

We examined HIF-1a due, in part, to its critical role in

regulating VEGF expression and our desire to determine

whether genistein acts partially through this pathway, but also

due to the anticipation that HIF-1a may serve as a candidate

biomarker of soy activity for future rodent or human studies.

The regulation of HIF-1a content in tumor cells appears to be

primarily due to posttranslational mechanisms. HIF-1a

protein is constitutively synthesized and rapidly degraded

by the ubiquitin–proteasome pathway under normoxic

conditions. However, the cellular content of HIF-1a is

dramatically increased by hypoxia, probably through a

combination of increased synthesis and decreased degrada-

tion [12,13,36]. HIF-1a has been shown to enhance VEGF

expression in LNCaP cells [37]. We demonstrated that

hypoxia significantly increased the levels of HIF-1a in

parallel with an increased expression of VEGF in PC-3 cells.

The addition of genistein caused a decrease in hypoxia-

enhanced HIF-1a protein expression in PC-3 cells. Others

have also suggested a similar effect of isoflavones on HIF-

1a-regulated processes in pancreatic carcinoma cells [38] and

Hep3B hepatoma cells [39]. Previous studies have suggested

that the phosphatidylinositol 3V-kinase (PI3K) pathway is

essential for the stabilization of HIF-1a protein [40]. Data

from our laboratory, as well as from other groups, have shown
that genistein can cause inhibition of PI3K/Akt activation in

prostate cancer calls and other cell lines [41]. Thus, inhibition

of the PI3K pathway may be one of the mechanisms

contributing to the effect of genistein on HIF-1a.

In addition to the regulation of VEGF and HIF-1a

expression, our current studies show that genistein may

inhibit angiogenesis by reducing receptor content in

endothelial cells. We observed an enhanced expression of

FLT-1 mRNA in HUVECs exposed to hypoxia and

inhibition by genistein exposure. VEGF treatment has been

shown to induce the tyrosyl phosphorylation of KDR/Flk-1

and the activation of p44/p42 MAPK and AKT pathways

[42–45], implicating that signal transduction plays an

important role in mediating VEGF function. Previous

studies in our laboratory have shown that genistein inhibits

the phosphorylation of tyrosyl kinase, Akt and p44/p42

MAPK proteins in prostate cancer [41]. These observations

suggest that the regulation of VEGF receptor levels and

downstream intracellular signaling pathways contributes to

the antiangiogenic effects of genistein.

In summary, we report that genistein may influence

prostate cancer angiogenesis via several autocrine and

paracrine mechanisms. Genistein reduces VEGF production

in prostate cancer cells with or without the presence of

hypoxia. In addition, genistein targets endothelial cells by

reducing VEGF and VEGF receptor expression. These

observations may, in part, be associated with a change in the

HIF-1a regulation of VEGF expression. Thus, additional

efforts to characterize how soy isoflavones may alter

autocrine and paracrine growth factor networks associated

with angiogenesis are warranted.
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